ABSTRACT Simultaneous detection of both ion flux and membrane potential in vivo and in situ in plants is a challenging research task. To explore the mechanisms of plant electrical activity, researchers urgently need to understand and determine the types of ions and the ion fluxes that pass in and out of cells during polarization and repolarization, but the required measurements are very difficult to perform. In this paper, we have developed a versatile system that can detect the ionic flux and the membrane potential, in vivo and in situ, simultaneously. The system uses a self-referencing ion-selective glass microelectrode and a membrane potential glass microelectrode as sensors. These sensors are linked through a preamplifier with high input impedance to a specific dynamic measurement system that can amplify small extracellular concentration gradient signals and realize simultaneous measurement of both the ion flux and the membrane potential. In addition, an interpolation fitting algorithm has been proposed to reduce the artifacts that are present in the in situ measurements during plant growth. The hydrogen ion fluxes in wheat roots were measured using the self-referencing ion-selective microelectrodes, and the proposed system was used to measure NaCl stimulation-induced changes in the membrane potentials and hydrogen ion fluxes of wheat root epidermal cells. The results demonstrate that the system can meet the ion flux and membrane potential measurement requirements.
I. INTRODUCTION
For more than a century, the exploration of plant electrophysiology has steadily improved as a result of progress in the development of a variety of applicable measurement techniques [1] . It is well known that the use of glass microelectrodes allows research to be conducted into plant electrophysiology on levels ranging from tissues and organs down to single cells, and even to single ion channels [2] - [5] . Various micropipette tip diameters and forms are used in the intracellular recording, voltage clamp, patch clamp, and extracellular ion flux recording techniques. In particular, the ion flux measurement technique has been popular in the plant electrophysiology field in recent years and it has also been used in a wide range of other applications, including food security, heavy metal detection, biology and medical science [6] - [13] .
The development of these electrophysiological measurement techniques has made multi-source electrophysiological data available for use in studies that aim to discover the mechanisms responsible for electrical activity in plants. Voltage clamps and patch clamps are available for simultaneous in vitro measurements of the current and the membrane potential (MP). In 1979, Coster and Beilby proposed a modified Hodgkin-Huxley model of the action potential in Chara based on the voltage clamp technique [14] . Wang et al. [15] proposed an action potential model of a guard cell based on an analysis of patch clamp data published in a paper by other researchers. However, these models did not include the electrophysiological data that can barely be recorded by the patch clamp and the voltage clamp, such as ion pump and transporter data. The currents produced by these transporters and ion pumps are too weak to be recorded using the patch clamp technique [16] . In addition, the patch clamp cannot capture transport processes if there is an electrically neutral state during ion transport, i.e., if the net current is equal to zero. In recent years, a series of models of plant activities have been proposed by Gradmann [17] and Sukhov et al. [18] . These models were not only reformulated on the basis of experimentally measured ion channel data but also in terms of some transporter parameters and ion concentration terms that help the models to simulate plant electrical activity more accurately. In addition, it may be possible to establish a new ion transport law using a complex multi-source data-driven mathematical model. Therefore, a multi-channel plant electrophysiological data recording system is required to acquire a variety of electrophysiological data effectively and simultaneously, including extracellular ion flux data, membrane potential data, and intracellular ion concentration data.
Both the membrane potential change and the ion flux parameters have apparent physiological significance in plants [19] , [20] . When the root is stressed by the presence of salt, the amount of K + efflux can be associated with its salt tolerance [21] , [22] . Additionally, salinity tolerance in halophytes is strongly related to the H + efflux caused by H + -ATPase activity [23] . The ability to maintain the membrane potential is important for plant performance when waterlogged [24] . The membrane potential change that is induced by burning can gradually increase the flow of light energy that is absorbed, as observed previously in peas [25] . Current commercial ion flux measurement systems include the Selfreferencing Ion Electrode Technique (SIET) with automated scanning system developed in the National Vibrating Probe Facility at Marine Biological Laboratory and the microelectrode ion flux estimation (MIFE) system developed by the University of Tasmania [26] - [30] . Low-noise amplifiers such as the FD223A or KS-750 (World Precision Instruments, 175 Sarasota Center Blvd. Sarasota, FL 34240) can be used to record membrane potentials or intracellular ion concentrations. Benet et al. [31] developed a single-channel system to record either the ion flux or the membrane potential in plants by selecting the different functions required in the system software. Notably, glass microelectrodes are used in all the techniques described above. The different measurement techniques require different tip shapes and fillings, which cause the resistance of the glass microelectrode to vary from several hundreds of M to several G . In addition, a wide detection range is required to measure the electrophysiological data of plants, given that the amplitude of the membrane potential is typically dozens of millivolts, while the amplitude of the ion flux data is only of the order of several microvolts. Therefore, specific weak signal detection techniques and noise reduction techniques must be developed for plant electrophysiological measurement instrumentation.
Importantly, while simultaneous monitoring of the ion flux and the membrane potential in a micrometer-scale space requires excellent experimental skills, the measurements can also be affected by the growth of the plant. Therefore, to enable acquisition of the two types of electrophysiological data for plant electrical activity while also overcoming the mutual interference that occurs during simultaneous recording and the difficulty of weak signal detection, a simultaneous measurement method is proposed in this paper, and a multi-channel prototype system is developed.
The rest of this paper is organized as follows. Section II illustrates the basic technique that is used in the proposed system and describes the design of every module and the associated software in detail. Section III presents the experimental results, evaluates the prototype system, and discusses the results obtained. Finally, in Section IV, conclusions are drawn and future work is outlined.
II. METHOD AND DESIGN

A. ION FLUX RECORDING TECHNIQUE
In 1990, Kühtreiber and Jaffe [32] originally obtained extracellular Ca 2+ flux in a very small space based on Fick's law using a self-referencing ion selective electrode with a vibrating probe technique. Fig. 1 shows a diagram of the process used to record the ion flux and the membrane potential simultaneously. The ion selective glass microelectrode can detect the ion concentration gradients in a bath solution at a given distance X , which represents the vibrating distance of the ion selective microelectrode between positions A and B. The electrical potentials of positions A and B are V 1 and V 2 , respectively, and then the difference in concentration between the two positions (i.e., the difference in ion activity) can be calculated using V 1 and V 2 . In practice, the Nernst slope of the ion selective microelectrode is determined via a calibration process; detailed descriptions of the process can be found in [27] , [33] , and [34] . In recordings of the membrane potential, the glass microelectrode is used to impale the cell, while the reference electrode is placed outside the cell. The resulting potential difference between these two electrodes represents the membrane potential.
In addition, glass microelectrodes are used to measure electrophysiological activity in plants. Glass microelectrodes with various tip diameters can be adapted to perform various measurements, including cell membrane potential and patch clamp measurements, plus ion flux detection [35] . Table 1 lists the main microelectrode sensors that are used in this system, including the glass microelectrodes for intracellular recording and the ion-selective glass microelectrodes. The glass microelectrode that is used for membrane potential detection requires a tip diameter of less than 1 µm for cell penetration. Unlike animal cells, plant cells usually have hard cell walls, so the neck of the glass microelectrode should not be either too long or too slender to enable penetration into the cytoplasm of the plant cells. The shape of the microelectrode VOLUME 7, 2019 can be molded efficiently using capillary pullers controlling melting temperature and pull velocity and force. As shown in Fig. 1 , the extracellular ion selective electrode consists of a glass microelectrode backfilled with electrolyte (liquid salt bridge) and tip filled with a liquid ion exchanger (LIX) contained in the tip of this electrode. The specific ion activity and the LIX junction potential follow a Nernstian manner [29] .
B. SYSTEM DESIGN
A diagram of the system is shown in Fig. 2 . The system can monitor extracellular ion flux and intracellular membrane potential in plants in real time. An inverted microscope (XDS-1B, Chongqing MIC Technology Co., Ltd, Chongqing, China) is used. Two high-precision three-axis motorized manipulators (CFT-8301D, Jiangsu Rich Life Science Instrument Co., Ltd, Jiangsu, China) are used to the control membrane potential recording electrode and the ion flux recording electrode. For the ion flux and membrane potential measurements, the glass microelectrode is mounted in a microelectrode holder that contains an Ag/AgCl wire, and a preamplifier with high input impedance is used to acquire and amplify the two required signals. These signals are then processed, passing through the low-pass filter and the differential amplifier in the conditioning circuits, before entering the 16-bit analog-to-digital board (USB-4716, Advantech Co., Ltd, Taiwan, China). The data acquisition module is controlled by the software through a Universal Serial Bus (USB) interface, and the software offers digital filtering, data FIGURE 2. System diagram. Arrows indicate the directions of the signals and the commands. In the Faraday cage, commands are transmitted to the motorized manipulator via the USB interface from the multi-channel measurement software; these commands then control the motion of the pre-amplifier relative to the three-axis. The microelectrode is used to measure the ion flux and membrane potential data. Only one reference electrode is used in this system. The electrical signals are acquired using high-resistance preamplifiers and then pass through the signal conditioning circuit and enter the analog-to-digital board, which is connected to the multi-channel measurement software through the USB interface. The software offers the functions of a digital filter plus data display and storage. The software also connects to the CCD to record real-time images of samples and microelectrodes.
display and data storage functions. The high-precision threeaxis motorized manipulators are also controlled via the software. Images or videos of the plant sample are viewed in real time via the display of a charge coupled device (CCD) camera (TCC-4, Tucsen Imaging Technology Co., Ltd, Fuzhou, China) that is mounted on the microscope's side-port. The completed system is placed in a self-made Faraday cage, and the microscope is located on a vibration isolation table (AVT, Meiritz Seiki Co., Ltd, Japan).
1) PREAMPLIFIER
The microelectrode connection interface and the preamplifier were contained within a shielding box, which then allows simultaneous movement of the probe and preamplifier as a single unit. By reducing the length of the lead required, the reliability of the interface between the microelectrode and the preamplifier can be improved, and the noise of the head stage was also suppressed.
The electrical potential of the ion-selective microelectrode when filled with the LIX is the sum of all the interfacial local potentials, which will give a measurement range from the baseline to hundreds of millivolts. In addition, the membrane potential changes in plant cells in response to stimuli are often on the millivolt level. Therefore, to measure more types of plant electrophysiological data and adapt the system using more microelectrodes of different types, we designed a preamplifier to operate within an input range between −1000 mV and 1000 mV. As shown in Fig. 3 , a preamplifier circuit was designed for the microelectrode with an input impedance of more than 10 13 , and this microelectrode could detect the voltage signal from a sensor effectively. Because of the differential amplification that occurred in the DC mode, the magnification of the preamplifier was set at 10× for the post-processing circuit of the signal processing circuit (see the circuit details below). The preamplifier is shielded using a small metal shell that is connected to the ground, and the output signal line was also shielded. Additionally, the ceramic insulation materials that were located at the interface of the holder were used to provide electrical isolation between the signal and ground.
2) SIGNAL PROCESSING CIRCUIT
It is important that the signal processing design takes the signal range into account while also ensuring that there is sufficient signal resolution in this multi-channel simultaneous recording system. In fact, it is very difficult to rely solely on the high-resolution analog-to-digital (A/D) converter. The signal range of the system ranged from −1000 mV to 1000 mV. If it is necessary to distinguish the signal changes at the 0.1 µV level, the bits of the A/D converter are calculated using the following formula: . System circuit and interface diagram. The glass microelectrode and the preamplifier are connected using a yellow holder, the preamplifier is then connected to the filter and the differential amplifier circuit, while the other input of the differential amplifier is connected to the USB-4716 digital output terminal. The signals from the four channels pass through the low-pass filter and enter the analog-to-digital (A/D) data acquisition board for A/D conversion. The converted data are then transmitted to the software for further signal filtering and other processing. The software can be used to instruct the micromanipulator via the interface circuit.
Therefore, the system must use a 24-bit A/D converter. However, the noise level of the circuit is much higher than 0.1 µV, which means that is still difficult to distinguish 0.1 µV changes in the ion concentration gradients when using a 24-bit A/D converter. In this work, we used dynamic differential amplification technology to solve this problem. As shown in Fig. 1 and Fig. 3 , when the electrode measures the signal V 1 at position A, it is then amplified 10 times by the preamplifier. After V 1 passes through a low-pass filter and is converted using the A/D converter, the digital quantity D 1 is given. D 1 is then sent to the digital-to-analog (D/A) converter, and VA 1 is the output value. Then, VA 1 is fed back to the differential amplifier's negative input, where the differential amplifier's magnification is 100×. Finally, the signal will pass through a low-pass filter with a cut-off frequency of 10 Hz. The output of the low-pass filter can then be calculated using:
By holding VA 1 and moving the electrode to B, V 2 is then obtained and it is amplified 10 times by the preamplifier. The signal is then sent to the positive input of the differential amplifier. The output from the low-pass filter is calculated using:
The dV that was obtained in this way is written as: 
Therefore, the resolution required for the A/D converter is reduced by 1000 times by designing it in this way. Accordingly, a 16-bit A/D converter is used in this system, and can be implemented easily.
3) MOTORIZED MANIPULATOR
In this ion flux and membrane potential detection approach, the microelectrodes must be moved on the micrometer scale. Therefore, as shown in Table 2 , we used a three-axis motorized manipulator with accuracy of 0.047 µm at a speed of 3 mm/s. The micro-integrated stepper motor control driver (UIM242, UI Robot Technology Co. Ltd, Shanghai, China) that controlled the three-axis motorized manipulator was controlled using the CAN2.0B standard with 1-16 step subdivision. Because we used a USB-serial port interface to send the instructions in the multi-channel measurement software, we also needed to control the protocol converter UIM2501 (UI Robot Technology Co. Ltd), which converted the CAN2.0B protocol to the RS232 protocol with a 115200 bps baud rate. The three-axis motorized manipulator and the interface converter module were powered using a 12 V 2 A DC supply. 
4) MULTI-CHANNEL MEASUREMENT SOFTWARE
We programmed the software in Microsoft Visual Basic running on Windows, and the functions of this software are shown in Fig. 4 . Data that were acquired using the A/D board were transmitted to the software via the USB interface. Instructions were also sent by the software to control the three-axis motor controller via another USB interface. The software includes an initialization module, a data acquisition module, a data display module and a data storage module. The initialization module consists of data acquisition initialization and three-axis controller initialization processes. In this software, a module for two-or three-point calibration procedures, bracketing experimental ion concentrations, was programmed to calibrate the ion selective electrode before the ion flux recording experiment. This module can be used to confirm whether the ion selective electrode is available for each experiment. The software allows us to set the vibration parameters, including the vibrating distance (in µm), the holding time (s) and the vibrating direction selection (X, Y, and Z axes). Additionally, instructions can be sent directly to the motorized manipulator to control the movement of the preamplifier via the software. A display window provides the functionality that allows curves to be drawn for the ion flux and membrane potential channels simultaneously in real time, which then enables observation of the simultaneous changes in the ion flux and the membrane potential in a simple manner. The ion flux data are stored in the comma-separated values filetype (csv) format in real-time, where the data include the current time, the value of the ion selective electrode, the electrical potential difference between the near-and far-pole positions of the ion selective electrode, and the relative position parameters of the X, Y, and Z axes. At the same time, the membrane potential data are also stored in csv format and include the current time and the membrane potential value. This multi-channel system can collect ion flux data with a frequency of 0.1-0.5 Hz and membrane potential data with a frequency of 10 Hz. Therefore, the two types of data can be stored in two different csv files simultaneously, which will allow researchers to analyze the data with strong correlations. Real-time video can also be collected via CCD displays using Tucsen Software (Tucsen Imaging Technology Co., Ltd, Fuzhou, China).
C. MATERIALS AND EXPERIMENTAL METHODS
1) PLANT MATERIALS
The wheat samples (5182) were obtained from the College of Agronomy and Biotechnology of China Agricultural University. The wheat seeds were disinfected using a 10% sodium hypochlorite solution for 15 min before germination and were then rinsed with deionized water three to six times. The wheat seeds were soaked (deionized water) in darkness for 12-24 h and were then grown on germination paper in Petri dishes. The deionized water and the germination paper were both replaced daily. The wheat samples were grown using a photoperiod of 14 (light)/10 (dark) h at 28/26 • C with relative humidity of 60% for 6-7 days.
2) FABRICATION OF THE GLASS MICROELECTRODE
Descriptions of the preparation of the membrane potential microelectrodes and the ion-selective microelectrodes have been given in detail in [29] and [36] . Briefly, for the membrane potential recording, glass micropipettes with filaments (B15024F, VitalSense Scientific Instruments Co., Ltd., Wuhan, China) were pulled using a micropipette puller (P-97, Sutter Instrument Co., Ltd., USA) with a tip diameter of ∼1 µm and a tip length of 6-12 mm. The membrane potential electrode can be used after being backfilled with 100 mM KCl and confirming that there are no insolating bubbles contained inside the electrode. Unlike the membrane potential electrode, the ion-selective microelectrodes are prepared using borosilicate glass capillaries without filaments (B15014N, VitalSense Scientific Instruments Co., Ltd.) to have a tip diameter of 6-10 µm and a tip length of 3-6 mm. In particular, the ion selective electrodes must be salinized [33] . These microelectrodes were backfilled with 100 mM KCl for K + ions and 15 mM NaCl plus 40 mM KH 2 PO 4 (which was adjusted to a pH of 6.0 using NaOH) for H + ions. The microelectrode tips were then front-filled with ion selective K + (Potassium ionophore 1-cocktail A (60031), Linear range: 10 −3 to 10 −1 M KCl, Fluka, USA) and H + (Hydrogen ionophore 1-cocktail A (95291), pH linear range: 5.5 to 12, Fluka, USA) cocktails.
3) CALIBRATION OF THE ION SELECTIVE ELECTRODES
To achieve a high repeatability, ion selective electrode must be seriously prepared and calibrated before using. The relationship between the electrical potential E of the ion selective glass microelectrode and the ion concentration c around the tip of the electrode is given by (6) .
where E has units of mV, and c is the concentration of the ions that are to be calibrated in the solution in mol/L; s is the Nernst slope in V/decade (dec); and k is the Nernst intercept (mV). The theoretical calculation of the Nernst slope s is given by (7):
where R is the gas constant (8.314 JK −1 · mol −1 ); T is the absolute temperature (K); F is the Faraday equivalent (9.6487.104 C mol −1 ) and n is the ion charge number. The hydrogen ion selective electrode was calibrated using two buffered solutions with pH values of 5.5 and 6.5 and the probe voltage was measured separately. The Nernst slope was calculated after the voltage stabilized. The theoretical slope for the hydrogen ion selective electrode is 59.16 mV/dec and the conversion efficiency of the ion selective electrode must be higher than 90% of the ideal slope (52 mV/dec) for it to be used [37] .
Coefficient of variability (CV) was used to indicate the reliability for recording membrane potential and ion flux. CV ≈ 1 indicates a nearly random process; CV 1 indicates a high stability. The calculation of the CV is given by: CV = |σ /µ| where µ is the mean, and σ is the standard deviation.
III. RESULTS AND DISCUSSION
A. NOISE REDUCTION
Over the last two decades, while there have been some reports on the measurement of both ion flux and membrane potential, almost all the membrane potentials were sampled at intervals of several minutes [31] , [38] . To investigate the mechanisms of the transmembrane ions, we developed a simultaneous measurement instrument to record the electrophysiological data of growing plants in situ. Unlike use of a high-pass filter, the differential amplifier in our system can amplify the difference between the D/A channel feedback voltage from the digital-to-analog conversion unit (16 bits D/A channel) and the bath solution potential to support a wide range of gradient measurements easily. This approach can not only obtain the ion flux but also can obtain the voltage of the ion-selective electrode, which reflects the ion activity of the bath solution at the recording position. In addition, to enable recording of multiple electrophysiological data simultaneously, more than two motorized manipulators can be manipulated simultaneously using the proposed system.
In reality, the sample always grows with a relatively fast speed for measurement in situ; for example, the maize root elongation rate is approximately 0.28-8.3 cm/day, while the root diameter also increases [39] . The growth of the sample may sometimes cause the electrode to move slowly out of the cell, and the recording membrane potential is then disturbed. When re-inserted into the cell, the electrical potential drops again. However, the raw curve must be corrected to recover the real signal. Recording of the plant membrane potential in situ is a highly difficult technique-dependent operation that always requires high-level experimental skills. To overcome the problems that are caused by continuous sample growth during simultaneous recording of the ion flux and the membrane potential, an interpolation algorithm was used in this work. In addition, the system's noise removal design is also a significant factor. In the plant electrophysiology field, the recorded signals are always accompanied by noise and drift problems, including power frequency noise, the thermal noise of the electrodes, the 1/f noise of the circuit system and environmental noise, which is mainly caused by human manipulation. The power frequency interference is primarily at 50 Hz (China), which will be coupled into the electrode circuit. Therefore, as the internal resistance of the microelectrode increases, it becomes increasingly susceptible to electronic interference. The thermal noise of the electrode and the 1/f noise of the soldered junction are difficult-to-avoid noise sources that both affect the ion flux data.
To remove any unwanted noise and drift, several methods for shielding from electromagnetic interference were applied in our system. A Faraday cage made from copper mesh was used to wrap the system and was connected to the ground. All the subsystems shown in Fig. 2 were shielded using a Faraday cage, which was grounded using a single-point grounding technique. Both the pre-amplifier and the signal processing circuit were powered using a lithium-ion battery in parallel with two bypass capacitors, including a 1 µF tantalum capacitor and a 22 pF ceramic capacitor. The analog low-pass filters and the digital filtering algorithms helped to reduce the system noise. We used a passive low-pass filter with a cutoff frequency of 10 Hz to acquire the membrane potential data. A first-order active low-pass filter, again with a cutoff frequency of 10 Hz, was used to remove the power and other environmental noise from the ion flux acquisition channels. To remove the power line interference (at 50 Hz in China), sampling times that were multiples of the fundamental power cycle were adopted, e.g., 60 ms, and the voltage data obtained were averaged. As a result, the system noise amplitudes of the ion flux acquisition channels and the membrane potential acquisition channel were less than 3 µV and 20 µV, respectively.
The system noise was evaluated using the standard deviation value obtained by shorting the input and measuring in the bath without a sample being present. Six samples were recorded (with 16 data points per sample), and the standard deviations were calculated for these 16 points for each sample before the averages and the standard deviations of those samples were calculated, with results as shown in Table 3 . Because there was drift in both the membrane potential electrode and the ion flux electrode in the solution, when more data points are acquired over a longer time, the calculated standard deviations would be primarily influenced by the independent drift rather than the noise. Therefore, we only used 16 data points for the noise evaluation. For investigation of the noise level of the membrane potential recording channel, the time required to acquire 16 data points was less than 2 s, while the 16 data points were collected via the ion flux channel at a sampling rate of 0.3 Hz in 48 s. In this short recording time period, we considered the effects of the drift to be negligible. As shown in Table 3 , when the shorted input of the pre-amplifier was connected to the membrane potential recording channel, the recorded voltage fluctuation was less than 20 µV. When the MP recording electrode (tip diameter of less than 1µm) and the reference electrode were immersed in the bath solution (1 mM KCl, 0.1 mM CaCl 2 , with pH of 6.0), the voltage fluctuations increased slightly. Because the amplitude of the membrane potential ranges from several millivolts to hundreds of millivolts, this noise has little effect on the acquired data. The V 1 value of the ion flux channel represents the ion concentration near the electrode tip in millivolts, while the V value can be used to calculate the ion flux in microvolts. Using hydrogen as an example, the standard deviation of the V value of the ion flux channel in the solution is approximately 4-10 µV, and the calculated flux is approximately 0.2-0.9 pmol cm −2 · s −1 . This level of variation is acceptable in these measurements. To reduce the known artifacts, noise and interference due to sample growth, an interpolation fitting algorithm has been proposed in this work. The interpolation algorithm was performed in the software. The results obtained when a microelectrode was taken out of the cell and then re-inserted into the cell are shown in Fig. 5 . When a sudden voltage fluctuation occurs at random, the microelectrode may have moved to outside the cell. If the microelectrode is adjusted to impale the cell again in time, the experimental results apparently could not be influenced. The resulting suddenly rising curve could be removed using an interpolation fitting approach.
The interpolation algorithm is described in (8) . Here, n is the sampling length at time of fitting, and generally constitutes 1/20 of the signal length. L is the span threshold that was set in the fitting, which generally has a value that is less than n.
When the distance between peaks pos1 and pos2 (as indicated by the black arrow in Fig. 5 ) is greater than L, the slope k is determined by the values of pos1 and pos2; otherwise k is determined by the distance n before pos1.
B. ARTIFICIAL ION POINT SOURCE EXPERIMENT
An artificial ion source is generally used to determine the frequency dependence and the sensitivity of the vibrating ion selective microelectrode (for further details of the fabrication of an artificial ion source, the reader is referred to [32] and [34] ). In this paper, an artificial K + source with a tip diameter of 40-50 µm that was filled with 200 mM KCl plus 0.5% agar was fabricated. The Nernst slope of this test electrode in the experiments was 53.27 mV/dec. In the experiments, two glass slides were placed tightly together at the bottom of a Petri dish (9 cm in diameter).
The artificial K + source pipette was then taped onto the slide and the tip adjusted to have the same focal plane as the microscope. A bath solution (1 mM KCl, 0.1 mM CaCl2, with pH of 6.0) was added to the Petri dish. The prepared ion selective electrode was then adjusted to have the same focal plane as the microscope, as shown in Fig. 6(a) . The ion-selective electrode vibrated at a frequency of 0.5 Hz within a distance of 30 µm along the X-axis, which was nearly 80 µm away from the source. The red curve plotted in Fig. 6(b) shows the raw data for the vibrating probe at each position. The data show the same ''square wave oscillation'' that was reported in [27] and [29] . The blue line depicting V is the differential voltage obtained by comparing the average voltages at the two positions and this V value can be converted into a flux value. The experiment indicates that the system can record the potential change in the ion-selective microelectrode over a short vibrating distance effectively, and the differential between the extremes of the vibration remains stable. Comparing with the fluctuation of V value in Table 3 , this stable acquired data shown in Fig. 6 proved that the system is reliable in ion flux recording. 
C. MEMBRANE POTENTIAL RECORDING EXPERIMENT
An in situ epidermal cell membrane potential measurement of the wheat root experiment was performed as an example of the potential application of our system. The depolarization and repolarization of the membrane potential have been monitored under NaCl stimulation. In the experiment, we prepared a pipette with a tip diameter of more than 100 µm to act as the stimulation electrode (filled with 2 M NaCl). First, the root samples were immobilized on a glass slide in a Petri dish, and then, the bath solution was used to fill the Petri dish. Second, the wheat root was moved to the focal plane of the microscope, and the stimulation electrode was moved slightly to have the same focal plane as the microscope using a three-axis motorized manipulator. The stimulation pipette was then raised out of the solution via the Z-axis. After the membrane potential electrode pierced the wheat root zone epidermal cells, the tip of the stimulation pipette was moved slowly near the membrane potential recording area, as shown in Fig. 7(a) and (b) . The membrane potential data are shown in Fig. 7(c) . When the stimulation pipette approached the membrane potential recording area, the epidermal cells were depolarized because of the diffusion of the high-concentration salt solution from the stimulation pipette. When the stimulating pipette was moved away from the wheat root, the concentration of the NaCl diffusion was then reduced and the epidermal cell membrane potential was Fig. 7(c) . The electrical potential value was not return to the pre-impalement level maybe caused by the tip obstruction, which changed the tip potential of the microelectrode. This NaCl-induced depolarization phenomenon is similar to that observed in the membrane potential studies of Arabidopsis thaliana roots (50 mM NaCl induced 60 mV depolarization) and possible ion mechanism in barley roots that were performed using the existing salt stimulation [36] , [40] . This indicates that the system can record changes in the plant cell's membrane potential. The CV values in recording resting membrane potential in wheat root were in the range of 0.2%-0.6% (n = 4), which indicated that the system has a high reliability on recording membrane potential.
D. SIMULTANEOUS H + FLUX AND MEMBRANE POTENTIAL RECORDING
The system can monitor both the membrane potential and the extracellular ion flux in situ simultaneously. In this example, simultaneous recording of the H + flux and the membrane potential in the wheat root was performed in situ. First, two motorized manipulators were used to move the tips of the membrane potential recording microelectrode and the H + selective microelectrode to one side of the sample. Because recording of the membrane potential always requires high experimental skill and may fail during impalement of the sample, we always impaled the cell at a suitable position before moving the ion-selective microelectrode near the cell to be measured. After the epidermal cell was impaled, the H + selective microelectrode was moved to a distance of 10-20 µm from the measurement area to monitor the H + flux, as shown in Fig. 8(a) . Next, the added salt solution was taken away from the experimental region when the membrane potential was completely stable. We used 38 mL of the bath solution (1 mM KCl, 0.1 mM CaCl 2 , with pH of 6.0), and 2 mL of 3 M NaCl was used as the salt stimulation solution. The NaCl concentration would be close to 150 mM after diffusion of the stimulating solution. wheat root and the extracellular H + flux. The result suggests that there was no interference exists between the contiguous measuring microelectrodes. The H + flux had an obviously decreasing efflux after the salt stimulation, with even a small influx, while the epidermal cell membrane potential depolarized simultaneously. The values of the H + flux and the membrane potential changed to have the opposite direction after salt stimulation for 20 min. The membrane potential tended to become stable and gradually repolarized, while the H + flux began to recover to the efflux stage. Because they were recorded simultaneously, the real-time correlation between epidermal cell membrane potential and H + flux can be obtained easily. The reduction in the efflux of H + and the depolarization of the cell membrane potential may reflect the hydrogen transmembrane mechanism. The H + efflux may support the depolarization of the epidermal cell, which is consistent with the results reported by other research groups [41] . The results demonstrated that the system can reliably and simultaneously monitor the ion flux and membrane potential in plant roots for above 30 mins. The CV values in recording H + flux in wheat root were in the range of 0.1%-4% (n = 5), which indicated that the system has a high reliability on recording ion flux.
IV. CONCLUSIONS
The multi-channel recording system for plant electrophysiology described here can monitor the ion flux and trans-membrane potential simultaneously in a growing plant. In this paper, three experiments were performed to evaluate the system's reliability, including the artificial ion source experiment, in situ measurements of the membrane potential, and simultaneous monitoring of the H + ion flux and the membrane potential of an epidermal cell in a wheat root. The results demonstrate that this system can acquire weak extracellular ion flux signals with high precision and can effectively remove the effects of sharp changes caused by plant growth or environmental change. Our system allows researchers to acquire, compare and analyze different types of plant electrophysiological data. In future explorations, this system will enrich the existing data and supply new data for plant electrical activity modeling. Furthermore, this system can also improve the efficiency of plant electrophysiological data measurements while reducing the experimental period required. This system will enrich bioelectronics research, expand the potential application range of the sensor technology, and provide innovative scientific tools that will allow researchers to study the mechanisms of plants and their environmental correlations. 
